
measured to be less than 3 meters per 
second. The low values of wind rein- 
forced the conclusion that the cloud was 
a condensate. Consequently, it was be- 
lieved that this feature would not inter- 
fere with either the lander entry or post- 
landing imaging. The successful landing 
occurred on 20 July 1976 at 5:12 a.m. 
PDT. 

The lander pictures showed abundant 
blocks consistent with the presence of 
small impact craters in the vicinity. It is 
therefore suggested that the high radar 
reflectivity indicates that bedrock is near 
the surface and many blocks can be 
ejected by the impact. Such areas should 
be carefully considered prior to accept- 
ance as landing sites in the future. Fur- 
ther discussion of both the visual and ra- 
dar characteristics is presented by Carr 
et al. (2) and Tyler et al. (3), respective- 
ly. 
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Radar Characteristics of Viking 1 Landing Sites 

Abstract. Radar observations of Mars at centimeter wavelengths in May, June, 
and July 1976 provided estimates of surface roughness and reflectivity in three po- 
tential landing areas for Viking 1. Surface roughness is characterized by the distribu- 
tion of surface landing slopes or tilts on lateral scales of the order of I to 10 meters; 
measurements of surface reflectivity are indicators of bulk surface density in the up- 
permost few centimeters. By these measures, the Viking 1 landing site at 47.5?W, 
22.4?N is rougher than the martian average, although it may be near the martian 
average for elevations accessible to Viking, and is estimated to be near the Mars 
average in reflectivity. The AINW site at the center of Chryse Planitia, 43.5?W, 
23.4?N, may be an area of anomalous radar characteristics, indicative of extreme, 
small-scale roughness, very low surface density, or a combination of these two char- 
acteristics. Low signal-to-noise ratio observations of the original Chryse site at 
34?W, 19.5?N indicate that that area is at least twice as rough as the Mars average. 
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The surface properties of Mars deter- 
mined by Earth-based radar were one of 
several factors that were considered in 

selecting the Viking 1 lander site. Esti- 
mates were made of surface roughness 
and density based on spectral broad- 
ening and the strength of centimeter- 
wavelength radio echoes returned from 
Mars. 

Radar observations have been con- 
ducted at each Mars opposition since 
1963. Since 1968 a combination of geo- 
metrical constraints and system sensitivi- 
ty limitations have restricted these mea- 
surements to Mars latitudes south of 
15?N, that is, below the planned landing 
areas of both the first and second Viking 
missions. Recent improvements at both 
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Arecibo Observatory (1) and Goldstone 
Tracking Station (2) made observations 
feasible at 20?N in May and June 1976 
and at 23?N from Arecibo in July. At 
these times the planet's distance was 
about 2 A.U. as compared with about 0.5 
A.U. at opposition. The wavelengths of 
observation were 3.5 cm and 12.6 cm at 
the Goldstone and Arecibo facilities, re- 
spectively. Observational conditions and 
site locations are summarized in Table 1. 

The use of radar in site selection for Vi- 
king 1 was based on properties of radio- 
wave scatter in the immediate vicinity of 
the sub-Earth point on Mars. Near that 
point, radiowave scatter is dominated by 
the multitude of reflections from those 
portions of the surface that are properly 
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oriented to produce a mirrorlike, or 
near-specular, redirection of the incident 
energy back toward Earth. This com- 
ponent of the scatter is dubbed quasi- 
specular. For surfaces that are generally 
free of sharp discontinuities and are of 
homogeneous material and statistics, it 
can be shown that quasi-specular scatter 
is controlled by the combination of the 
surface slope distribution and the electro- 
magnetic properties of the material (3). 
Under these conditions the effects of sur- 
face material and roughness are readily 
separated with the use of standard radar 
astronomy techniques (4). Methods used 
here, based on backscatter at normal 
incidence, should not be confused with 
earlier radar studies of lunar landing 
sites that were based on backscatter 
observed at oblique angles of incidence, 
especially the depolarized part of diffuse 
scatter (5). 

Both observatories transmitted un- 
modulated signals. Echoes of these sig- 
nals were broadened in frequency by the 
Doppler effect and the differing relative 
velocities of various scattering areas 
with respect to the radar. The broad- 
ening associated with quasi-specular 
scatter is quantitatively related to the dis- 
tribution of surface slopes. A gauge of 
surface roughness was obtained from 
measurements of the one-half power 
bandwidth of the echo signals. The results 
were expressed in terms of an r.m.s. 
landing slope /3o. Comparative values of 
,80 for lunar units are given in Table 2. 
The methods employed have been pre- 
viously tested by comparing radar re- 
sults from the moon with detailed analy- 
ses of the lunar surface at the same loca- 
tions based on orbital photogrammetry 
(6). 

Reflectivity corresponds to the Fres- 
nel reflection coefficient of the mean sur- 
face material, or po = [(/- 1)/ 
(-E + 1)]2, where e is the dielectric con- 
stant. The relationship between density 
of the surface and e has been established 
from laboratory experiments and theory 
(7). The lateral scale of relevant slopes is 
of the order of from 1 to 10 m based on 
theoretical considerations and on empiri- 
cal results from the moon (8); estimates 
of po apply to the top few centimeters of 
the surface. 

Values of /30 depend primarily on the 
shape of the echo spectrum, and are gen- 
erally free of systematic error. Estimates 
quoted below are typically accurate to 
about 10 percent. Estimates of pO depend 
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on a number of multiplicative parameters 
which are obtained by calibration of the 
radar. In addition, po is sensitive to varia- 
tions in the radar, such as antenna point- 
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ing errors, during a period of observa- 
tion. At Arecibo such pointing errors are 
probably the dominant error source and 
may occasionally be as large as a factor 
of about 2. At Goldstone, the error due 
to system calibration and pointing is esti- 
mated to be no greater than about 15 per- 
cent, but noise contributes about twice 
this amount. Most operational errors re- 
sult in systematic underestimates of po. 

The resolution varied with surface 
roughness, but was at most approximate- 
ly the size of the Viking 1 landing ellipse, 
typically a circle about 300 km in diame- 
ter centered at the sub-Earth point. This 
resolution element moved across the sur- 
face as Mars rotated. It was also possible 
to infer changes in smaller areas within 
this larger resolution element from the 
detailed shapes of the echo spectra; how- 
ever, no reliable quantitative information 
on surface properties could be obtained 
for these smaller areas. 

Results for Al and AIR (19.5?N, 34?W 
and 19.5?N, 32.5?W). Data from these 
sites consist of two Arecibo passes 
across the 30? to 35?W longitude range 
between 17.1? and 17.5?N latitude, and a 
total of six observations over this longi- 
tude range between 17.5? and 19.6?N by 
the Goldstone facility. The Arecibo ob- 
servations did not cover the Al sites di- 
rectly, but were influenced by terrain at 
the extreme southwestern end of the Al 
and A1R landing ellipses. It was not pos- 
sible to distinguish between the Al and 
A1R areas. 

The Arecibo measures of r.m.s. slope 
show the area just south of A1 to be one 
of moderate to large roughness. Values 
of pi range from a minimum of /o - 5? to 
6? to the southwest of the site, to an esti- 
mated lower bound of /3o - 7? to the 
southeast. The most probable value of 
surface reflectivity from Arecibo is 
po - 0.07, albeit this value is subject to 
large systematic errors. Goldstone obser- 
vations on 2 days at latitudes between 
about 17.2? and 17.6?N yielded results 
consistent with those from Arecibo, 

o - 6.4?, p- 0.08; but the signal-to- 
noise ratio was low, on the order of 5: 1. 
Echoes from each of four individual 
Goldstone observations at latitudes of 
18.2?, 18.4?, 18.6?, and 19.7?N in the 
range of 33? to 35?W longitude were very 
near the detection threshold. However, 
echoes from other locations on Mars, es- 
pecially the A2 site (see below), were 
readily observed at Goldstone during 
this same time period. Extensive system 
testing revealed no equipment faults. 
Combining all Goldstone observations at 
the six latitudes above yielded an appar- 
ently reliable echo detection at the Al 
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site and gave values of ,0 between 7? and rough as the average for Mars. The esti- 
10?, and p0 0.06. mated reflectivity is near Mars' average. 

Both the Arecibo and Goldstone re- In terms of lunar results, with the same 
sults indicated that the area just south of measures, this area would be character- 
the Al sites is approximately twice as ized as similar to very rough lunar mare, 

Table 1. Radar observations of Viking 1 sites. 

One-way Observational 
Location Date in 1976 light time Latitue Latitude Longitude 

The Al site from Arecibo Observatory at 12.6 cm 
19.5?N, 34?W 29 May 16.1 min 17. 1N 30? to 36?W 

31 May 16.1 min 17.5?N 30?to36?W 
The Al site from Goldstone Observatory at 3.5 cm 

19.50N, 32.5?W 29 May 17.1? to 19.6?N 
30 May 17.1? to 19.6?N 
31 May 17.1? to 19.6?N 
1 June 17.1 to 19.6?N 
3 June 17.1? to 19.6?N 
11 June 17.1? to 19.6?N 

The A1NW site from Arecibo Observatory at 12.6 cm 
23.4?N, 43.4?W 3 July 18.2 min 23.1?N 38? to 49?W 

4 July 18.2 min 23.3?N 38? to 49?W 

The A1WNW Viking 1 landing site from Arecibo Observatory at 12.6 cm 
22.4?N, 47.5?W 3 July 18.2 min 23.1?N 38?to49?W 

4 July 18.2 min 23.3?N 38? to 49?W 
The A2 site from Arecibo Observatory at 12.6 cm 

19.5?N, 252?W 12 June 17.0 min 19.6? to 20?N 248? to 254?W 
14 June 17.0 min 19.6? to 20?N 248? to 254?W 

The A2 site from Goldstone Observatory at 3.5 cm 
11 June 
13 June 
14 June 
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Fig. 1. Estimated values of r.m.s. landing slope and surface reflectivity at approximately 23?N 
latitude. Observations reported here are from 2, 3, 4, and 5 July 1976, averaged over 0.7? in 
longitude. Points from Carpenter (stars) are from data integrated over about 10? in longitude, at 
22.5?N latitude (9). No values of reflectivity from Carpenter have been used. Data show Chryse 
Planitia to be generally rougher than areas to the east or west. The Viking 1 landing site at 
47.5?W lies in a region of changing radar roughness. Site at 44.5?W is in a region of anomalous 
radar signature. Values of r.m.s. slope and reflectivity at 47.5?W correspond to average lunar 
mare in roughness and Mars average density, respectively. 
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or smooth uplands, while the average 
surface density would be greater. 

The difficulties experienced by the 
Goldstone facility in obtaining reliable 
echo detection in the immediate vicinity 
of the Al and A1R sites while echoes 
were obtained from the area just to the 
south and from elsewhere indicate that at 
best the surface properties are no better 
than, or more likely are somewhat de- 
graded with respect to, the 17.5?N lati- 
tude in terms of the desirable character- 
istics for landing safety. 

A radar scatter simulation program 
was used to demonstrate the effect of sur- 
face roughness on signal detectability 
and to determine approximate bounds on 
the characteristics of the surface in the 
Al area. It was shown that echoes from 
the Al and AIR sites would have been 
observed by Goldstone each day if those 
sites contained an area 3? in diameter 
with the same radar characteristics as 
the A2 site. 

Results for A2 (19.5?N, 252?W). Both 
Arecibo and Goldstone facilities ob- 
tained data from the area of the A2 el- 
lipse. The observations yielded consist- 
ent results for r.m.s. slopes of /30 3.5? 
to 4?. Values of po from Arecibo varied 
between about 0.03 and 0.07, with an av- 
erage value of 0.05; the estimate from 
Goldstone is p0o 0.06. These values in- 
dicate a surface near Mars' average or 
slightly greater in roughness, and near lu- 
nar average, or slightly less than Mars' 
average, in surface reflectivity. 

Results for AINW and A1WNW 
(23.4?N, 43.4?W and 22.4?N, 47.5?W). 
Observations of the A1NW and A1WNW 
sites were carried out by the Arecibo Ob- 
servatory during the same period that the 
Viking 1 orbiter was conducting its pho- 
tographic reconnaissance of that area. 
Successful observations of 40? to 50?W 
longitude at about 23.2?N were obtained 
on 2 days, with overlapping coverage in 
the 42? to 46?W longitude range. Addi- 
tional observations were obtained about 
20? to both the east and the west of the 
A1NW and A1WNW area, but with only 
partial coverage. 

The Chryse Planitia basin appears to 
the radar to be generally rougher than 
the areas to either the east or the west. 
This result is consistent with earlier ob- 
servations by Carpenter (9) at the same 
wavelength at 22.5?N latitude (see Fig. 
1). The principal difference between the 
current results and those from 1967 is in 

signal-to-noise ratio. In 1967 it was nec- 
essary to average over 10? of martian lon- 
gitude to obtain useful results. The cur- 
rent observations, even though at greater 
range, require only about 0.7? of averag- 
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Table 2. Comparative values of l3o for lunar 
units. 

Lunar unit 13o* 

Rough uplands 9? to 10? 
Smooth uplands 7? 
Rough mare 5.5? to 6.5? 
Average mare 4.5? to 5.5? 
Smooth mare 4.5? 

Average Mars 3.5? 

*From 13 cm radar. 

ing to obtain signal-to-noise ratios in ex- 
cess of 10 : 1. 

On the average, the Chryse Planitia ba- 
sin is slightly smoother than the area to 
the south of the original Al site, with 
r.m.s. slopes and reflectivities of /3o- 5? 
to 6? and p0 - 0.07 to 0.08, respectively. 
However, the roughness data, from both 
the current observations and those of 
Carpenter, show a decline in surface 
roughness west of about 45?W longitude, 
with further decreases in roughness east 
and west of about 35? and 50?W, respec- 
tively. At 47?W, the formal values ob- 
tained for r.m.s. slope vary over the final 

landing ellipse between about /0- 4.50 

5.5?, with reflectivity of po - 0.07 or 
greater. If correct, this value of po im- 
plies a surface density near 2 g/cm3. At 
44?W, the formal value of r.m.s. slope is 
po0 6?. There is an anomalous decrease 
in the apparent reflectivity in the vicinity 
of 44?W. Although this change was ob- 
served on two successive days (see Fig. 
1), there is a question as to its reliability 
because of general difficulties in steering 
the Arecibo antenna. 

The variable nature of the area around 
44?W is also apparent in the shape of the 
echo spectra. Data from 3 and 4 July 
show the same effects. Spectra adjacent 
to those from 44?W are systematically 
skewed with respect to their usual, sym- 
metrical shape. The sense of skew is op- 
posite for sub-Earth points to the east 
and west. The shape changes smoothly 
with longitude and is consistent with a 
limited area of relatively weaker back- 
scatter located near 44?W. Similar pro- 
gressive changes in spectral shape have 
been observed in bistatic-radar experi- 
ments on the moon where the visible fea- 
ture associated with the change in radar 
properties, usually an isolated crater, 
could be easily identified. Small-scale 
surface roughness, a very tenuous sur- 
face layer, or a combination of these 
could be used to explain this behavior. 

The area of anomalous radar signature 
in Chryse Planitia coincides with the 
deepest, most central portions of the ba- 
sin. This area is also marked by an ab- 
sence of wind streaks visible in the Vi- 

king 1 images to both the east and the 
west. Other features of the radar data in- 
dicate that there might be local areas of 
relative smoothness on either side of, but 
principally to the east of, the anomalous 
area. However, no realistic quantitative 
results could be obtained from these fea- 
tures. 

The radar properties of the A1WNW 
site appear to be similar to the average re- 
sults of Chryse Planitia or to indicate a 
surface slightly smoother than the aver- 
age of that area. But of more importance, 
the 47.5?W ellipse does not appear as an 
area of anomalous radar scatter, al- 
though it is in an area of transition. The 
formal results indicate that the large- 
scale roughness, excluding blocks, is 
similar to average lunar mare, while the 
surface reflectivity is apparently near 
martian average, or greater than that of 
the moon. 

Comparison with images. Inter- 
pretation of Viking 1 orbiter images with 
an identification resolution near 140 m 
(10) revealed new features in the vicinity 
of the Al landing site (19.5?N, 34?W). Ini- 
tial impressions of the Viking images in 

I the area placed the surface roughness in 
a category with rough lunar mare or 
smooth lunar upland. The broad-scale ap- 
pearance is more akin to a lunar upland, 
perhaps rougher than indicated by radar 
track to the south, but consistent with 
the inferences from Goldstone data in 
the Al area. The visual impressions were 
confirmed by photogrammetry at slope 
length near 500 m. 

Farther to the northwest at the final 
landing site, the surface judged from the 
images appeared smoother and consist- 
ent with the radar results. That is, the 
surface is more akin to a lunar mare than 
a lunar upland. The images indicate that 
the aeolian processes of deflation, ero- 
sion, and deposition have occurred. 
Small cratering events have excavated 
material from an underlying dark layer 
about 50 m thick. These craters were sub- 
sequently modified by the wind. Bright 
windtail deposits were produced on the 
southwest sides, while their northeast 
flanks were stripped, exposing dark ma- 
terial. Of equal importance to the physi- 
cal properties of the martian surface are 
the ubiquitous impact craters ranging in 
size from 200 m to several tens of kilome- 
ters. Large blocks, fragments, and 
crushed rock were ejected. Occasional 
blocks near the limit of resolution, 250 m 
across, are visible on the rims of craters 
about 20 km across. Thus, it was clear 
that the surface was complex with prob- 
able exposures of bare rock and the prod- 
ucts of impact cratering, such as blocks, 
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fragments, crushed rock, and that the 
surface has been modified by the wind. 
Such a surface is expected to yield a 
larger reflection coefficient than the aver- 
age lunar surface. 

Images from the lander camera reveal 
the martian surface as relatively smooth. 
It is characterized by bare rock, blocks, 
rock fragments, and finer debris with su- 
perposed aeolian deposits and wind-de- 
flated or eroded surfaces. These observa- 
tions are consistent with the orbital im- 
ages, the radar estimates of roughness, 
and the relatively large, compared with 
the moon, values of reflection coefficient 
obtained. 

Conclusions. Radar and imaging form 
complementary techniques. Images pro- 
vide information in the form of recogniz- 
able patterns which can be interpreted 
and analyzed quantitatively to provide 
an estimate of surface state on a lateral 
scale that is at one to three times the res- 
olution of the imaging system. Infer- 
ences from Viking orbital images regard- 
ing surface structure on the scale of the 
lander require extrapolation of surface 
properties downward over 11/2 to 2 or- 
ders of magnitude. Radar provides only 
an average measure of surface properties 

on the scale of the lander over an area 
comparable to the size of the landing el- 
lipse. Radar observations detected an 
area of anomalous small-scale structure 
and reflectivity at the A1NW site. 

The present radar observations are lim- 
ited by the signal-to-noise ratio and by 
difficulties in absolute calibration of re- 
ceived power. They cannot be relied up- 
on to detect areas of extreme roughness, 
such as a limited number of impact cra- 
ters, which comprise only a small frac- 
tion of the resolution cell. The use of ra- 
dar and images together compensates in 
part for the individual limitations of two 
techniques and provides data on all 
scales of surface roughness greater than 
about 1 m. 
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